Aim: To evaluate whether insulin intervention could affect the metabolic and endocrine functions of adipose tissue. Methods: C57BL/6 mice were fed on a high-fat-diet for 12−16 weeks to induce insulin resistance. Insulin intervention was administered in the high-fat-diet mice for 4 weeks at 12 weeks (early insulin treatment) or 16 weeks (late insulin treatment). Intraperitoneal glucose tolerance tests were performed before and after insulin treatment. Expression levels of factors involved in the triglyceride synthesis and endocrine functions of adipose tissue including phosphoenolpyruvate carboxykinase (PEPCK-C), fatty acid synthase (FAS), aquaporin 7 (AQP7), adiponectin, visfatin, and interleukin-6 (IL-6) were determined by Western blot. Results: In the obese mice, glucose tolerance was impaired; triglyceride content was increased in the liver tissue; protein expression of FAS and adiponectin was decreased; expression of visfatin was increased in adipose tissue. After 4-week insulin treatment, glucose tolerance was improved; triglyceride content was decreased in the liver and skeletal muscle; expression of PEPCK-C, FAS, and adiponectin was increased in the adipose tissue; IL-6 and AQP7 expression was reduced in the fat. Early insulin treatment had better effect in increasing the expression of FAS and PEPCK-C and decreasing the expression of IL-6. Conclusion: These results indicate that insulin can target adipocytes for improvement of insulin sensitivity through stimulating triglyceride synthesis and partly improving endocrine functions.
Introduction
Early intensive insulin treatment has beneficial effect in the treatment of type 2 diabetes. However, the mechanism of such effect of insulin remains to be investigated. Previous studies including our clinical trial have shown that early insulin intervention significantly prolonged control of hyperglycemia and improved both beta cell function and insulin sensitivity [1] [2] [3] . However, there is still doubt as to whether exogenous insulin usage could exacerbate hyperinsulinemia in diabetic patients, which might further damage insulin sensitivity.
In addition to the muscle and liver tissue, adipose tissue is the third metabolically relevant site of insulin action. More and more studies have emerged to show that adipose tissue might be the primary defect leading to insulin resistance elsewhere [4] . It is known that insulin is the primary hormone in the stimulation of synthesis and storage of triglyceride (TG) in adipocytes and disarrangement in these functions of adipose tissue may result in increased release of FFA and glycerol into circulation, ultimately inducing insulin resistance through lipotoxicity in skeletal muscle and liver. Correction of these dysfunctions by thiazolidinediones (TZDs) has been shown to improve the whole-body insulin sensitivity [5, 6] . In adipocytes, TG synthesis is dependent on glycerol and fatty acids, which generated from glucose by enzymes, such as phosphoenolpyruvate carboxykinase (PEPCK-C), and fatty acid synthase (FAS). PEPCK-C catalyzes glyceroneogenesis and FAS promotes fatty acids synthesis. Aquaporin 7 (AQP7) is a sole glycerol channel in adipocytes and is expressed abundantly in adipose tissue [7] . AQP7 deficiency has been shown to be associated with obesity [8] . In addition to storage function, adipose tissue has endocrine activities. Adiponectin, visfatin, and interleukin-6 (IL-6) etc, are secreted by adipose tissue and involved in the regulation of energy homeostasis, insulin sensitivity, lipid metabolism, inflammation, and immunity. Dysregulation of these hormones/adipokines is emerging as an important mechanism of systemic insulin resistance and metabolic disease [9] . Insulin infusion was shown to influence the secretion of adiponectin www.nature.com/aps Chen X et al Acta Pharmacologica Sinica npg and IL-6 [10] . The effect of insulin on visfatin expression in adipose tissue remains to be determined.
In this present study, we explored the effects of insulin on adipose tissue in a chronic study, focusing on the metabolic and endocrine functions. Expression of these factors in adipose tissue was examined in dietary obese C57BL/6 mice after four weeks treatment with insulin. The result suggests that insulin stimulates TG synthesis and partly improves endocrine functions in this mouse model of insulin resistance.
Materials and methods

Reagents
Primary antibodies to PEPCK-C and visfatin were purchased from Santa Cruz Biotechnology, Inc (USA). Primary antibodies to adiponectin and IL-6 were purchased from Chemicon international, Inc (USA). Primary antibody to AQP7 was obtained from Abcam Ltd (UK) and primary antibody to FAS was purchased from Cell Signaling Technology, Inc (USA). Primary antibody for β-actin and all the second antibodies were purchased from Boster Ltd (China).
Animals and intervention C57BL/6 mice (40) were purchased at 5-weeks in age from Shanghai SLAC Laboratory Animal CO LTD (Shanghai Institute for Biological Sciences, China), and were maintained in pathogen-free barrier conditions at animal facility of Sun Yat-sen University. Mice were housed individually at room temperature 23±1 °C with a 12-h day-night light cycle (lights on at AM 8:00), and had free access to water and diet. After quarantine for 1 week, the mice were divided into four groups (10 per group): (1) a lean control (NC) group, fed on chow diet (64% carbohydrate, 10% fat, and 26% protein); (2) high-fat-diet (HFD) control (FC) group, fed on HFD (28% carbohydrate, 60% fat, and 12% protein); (3) early insulin intervention (INS1) group, fed on HFD and treated with insulin at 12 weeks; (4) late insulin intervention (INS2) group, fed on HFD and treated with insulin at 16 weeks. The mice were on HFD for 12 weeks, except for INS2 group, which received HFD for 16 weeks, while mice in NC group continued to consume the standard chow diet. The insulin treatment was administered with Glargine for 4 weeks through daily subcutaneous injection at a dosage of 0.5-0.75 IU (Sanofi-Aventis, France). Blood glucose (BG) was determined in the tail vein blood of mice every 3 d to adjust insulin dosage to maintain BG levels in the same range as the lean control mice. In the INS2 group, the insulin intervention began at 16 weeks on HFD. The mice in NC and FC groups received vehicle injection daily. Intraperitoneal glucose tolerance tests (IPGTT) were performed just before and after the intervention. All procedures were approved by the Sun Yat-sen University Animal Care and Use Committee with NIH standards. 
Plasma and tissue sampling
At the end of experiment, mice were euthanized under anesthetizer with an intraperitoneal injection of chloral hydrate. Blood samples were collected and stored at -80 °C. Liver, gastrocnemius muscle, and visceral fat (VF) were isolated and immediately frozen in liquid nitrogen and stored at -80 °C. The liver and VF (including omental fat, epididymis fat, and retroperitoneal fat) were weighed.
TG content in liver and muscle tissue About 200 mg liver and muscle tissue were homogenized in ice cold buffer (2 mmol/L NaCl, 20 mmol/L EDTA, 50 mmol/L PBS, pH 7.4). Protein concentrations were determined by bicinchoninic acid (BCA) protein assay (Pierce Chemical Co, USA). Tertbutyl alcohol (10 μL) and 5 μL of Triton X-100 and methanol mixture (1:1, v/v) were added into 10 μL homogenate. After centrifugation for 5 min at 4000 r/min, the supernatant was measured for TG concentration with enzymatic method (Human Gesellschaft für Biochemica und Diagnostica mbH, Germany).
Western blot VF tissue (about 200 mg) was homogenized in ice-cold buffer. Protein concentrations were determined using a BCA protein assay (Pierce Chemical, USA). Protein of 50 μg was loaded in each well and resolved on 10% SDS-PAGE, then transferred onto polyvinylidene difluoride (PVDF) membranes (0.45 μm; Millipore, USA) at 4 °C. The membranes were preblotted in 5% skim milk Tris-buffer (TBS) with 0.1% Tween 20 (TBST) for 2 h at room temperature and then blotted with primary antibody at 1:500 dilution overnight at 4 °C. After being washed four times (10 min/time) in TBST buffer at room temperature, the membrane was incubated with the second antibody for 2 h and then treated for chemiluminescence (Santa Cruz, USA). The intensity of target proteins and reference protein were quantified using Gene Tool software and the relative gray level of target proteins over reference protein was used to represent the signal strength for each protein.
Blood chemistry
Fasting blood glucose (FBG) was determined using Lifescan One touch glumeter (Johnson & Johnson, USA). Total cholesterol (TC) and TG were measured by enzymatic colorimetric assay (Human Gesellschaft für Biochemica und Diagnostica mbH, Germany). Fasting free fatty acid (FFA) was measured by chromatometry (Daiichi Pure Chemicals Co, Ltd, Japan).
Statistical analysis
All data were expressed as mean±SEM. The significance of group differences was evaluated using ANOVA for multiple comparisons. The least-square deconvolution (LSD) was performed to detect differences between two groups. Statistical significance was set at P<0.05 (two tails).
Metabolic and biochemical parameters
On HFD, the body weights were significantly increased in mice after 4 weeks (P<0.05) ( Figure 1A ). After 12 weeks on HFD, the mice were divided into three groups, including fat control (FC), early insulin treatment (INS1) and late insulin treatment (INS2). During insulin treatment, the mice remained on HFD. The body weights of these three groups were not significantly different (data not shown).
At 12 weeks on HFD, IPGTT was performed in the mice ( Figure 1B) . The fasting blood glucose was not increased by HFD at 12 weeks. However, the blood glucose was sig- 
FAS, PEPCK-C, and AQP7 expression
Compared with the lean control (NC group), the obese group had reduction in protein levels of FAS in adipose tissue (P<0.01). The reduction was reversed by the insulin therapy (P<0.01, Figure 2A) . Expression of PEPCK-C was not significantly changed by the high-fat-diet in the adipose tissue of obese mice. After insulin treatment, the PEPCK-C expression was increased in the adipose tissue (P<0.05, Figure 2B ). The effect of insulin treatment on the expression of those two factors was stronger in the early treatment group than that of late treatment group (P<0.05). Expression ofAQP7 was not significantly changed in the adipose tissue of obese mice. However, the expression was decreased by insulin in adipose tissue (P<0.05, Figure 2C ).
Adiponectin, visfatin, and IL-6 expression Expression of adiponectin protein was significantly decreased by high-fat-diet in the adipose tissue of obese mice (P<0.01). The expression was restored by insulin in both INS1 and INS2 groups (P<0.01) ( Figure 3A) . Expression of visfatin protein was increased in the adipose tissue of obese mice (P<0.01). The increase was not changed by insulin ( Figure 3B ). There was no significant difference in IL-6 protein levels between the lean (NC) and obese (FC) groups in the adipose tissue. However, insulin treatment significantly decreased IL-6 expression in the adipose tissue (P<0. 01, INS1 vs FC; P<0.05, INS2 vs FC) . This effect of insulin was stronger in the early insulin intervention group (P<0.05) ( Figure 3C ).
Discussion
The metabolic and endocrine functions of adipose tissue are closely associated with the systemic insulin sensitivity. The primary function of adipose tissue is to store energy, mainly in the form of TG. If this function for adipocytes to synthesize and store TG is damaged, the spilled lipid could induce insulin resistance elsewhere. PEPCK-C and FAS are two key factors involved in the TG synthesis in adipose tissue. Our study found that 4-week insulin intervention in C57BL/6 mice increased the expression of PEPCK-C and FAS, indicating TG synthesis in adipose tissue may be increased in those mice. Inhibition of AQP7 expression by insulin may also contribute to TG synthesis as glycerol secretion is likely reduced. This 
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Acta Pharmacologica Sinica npg change in adipose tissue may be responsible for reduction of TG accumulation in the liver and skeletal muscle. With insulin treatment, TG is likely transported from these two tissues to the adipose tissue, in which TG synthesis is enhanced by insulin. The triglyceride levels were significantly increased in liver, but only slightly elevated in muscle of obese mice in our study. This is consistent to a study [11] , in which the triglyceride concentration in liver was found to be more tightly related to insulin resistance. PEPCK-C is an enzyme involved in glucose and lipid metabolism. Our study found that insulin treatment, especially at early stage, could stimulate PEPCK-C expression in adipose tissue, while in other studies, insulin was demonstrated to inhibit PEPCK-C expression in liver tissue [12, 13] . The discrepancy may lie on the tissue-specific function and control of PEPCK-C. In liver tissue, PEPCK-C is involved in gluconeogenesis and is stimulated by glucocorticoid. While in adipose tissue, PEPCK-C is involved in glycerol synthesis and is inhibited by the same hormone-glucocorticoid. Another study also reported that insulin efficiently increased the storage of triglyceride in adipocytes by decreasing lipolysis and repressing energy expenditure [14] . Endocrine function is another important function of adipose tissue. Our study also found that insulin treatment improved endocrine and immune functions of adipose tissue through regulating the expression of adiponectin and IL-6. Adiponectin, a 29-kDa adipocyte-derived hormone, is decreased with increased adiposity and has been linked to the insulin resistance [15] [16] [17] . In our present study, the protein expression of adiponectin was also found to be decreased by the high-fatdiet. With insulin treatment, adiponectin expression was significantly increased in the obese mice. Our result is consistent with observation in other study [10] , in which mRNA concentration encoding adiponectin was increased significantly by acute euglycaemic hyperinsulinaemia in the insulin-sensitive adipose tissue. Insulin has also been reported to increase adiponectin secretion from omental but not subcutaneous adipocyte in human [18] . These studies suggest that adiponectin is a sensitive target gene of insulin. The increased adiponectin expression may exert beneficial influence on systemic insulin sensitivity.
Visfatin is a cytokine that is highly expressed in visceral fat and whose blood levels correlate with obesity. It is still uncertain about the relationship between visfatin and insulin resistance, however, it has been suggested that serum visfatin increases with progressive beta cell deterioration [19, 20] . Our present study found that the expression of visfatin in adipose tissue was slightly increased in high-fat-diet induced obese mice, while insulin treatment seemed to exert no obvious effects.
IL-6 is an inflammatory cytokine secreted by adipocytes. Our study found that early insulin treatment significantly decreased IL-6 expression, which was inconsistent to a previous study, in which acute insulin infusion significantly stimulated the expression of IL-6, especially in insulin-resistant adipose tissue [10] . The discrepancies may be due to the different experimental procedures used (acute vs chronic).
In addition to these above effects by insulin, we also found that insulin improved glucose tolerance in obese mice, indicating that insulin could improve beta cell function, which was consistent to our clinical studies [1, 2] . Taken together, our present study demonstrated that 4-week insulin treatment stimulated triglyceride synthesis and partly improved endocrine functions of adipose tissue. The mechanism is related to increased expression of PEPCK-C, FAS, www.nature.com/aps Chen X et al Acta Pharmacologica Sinica npg adiponectin, and decreased expression of AQP7 and IL-6. TG content in liver and skeletal muscle was also reduced by insulin. These changes in fat, liver and skeletal muscle tissues may contribute to the mechanism of insulin action in the improvement of systemic insulin sensitivity.
